In the present study, a simple and highly effective physical mixing method was used to synthesise carbon nanotube (CNT)-reinforced silver nanocomposites. Composites were prepared with different contents (vol%) of functionalised multiwall nanotubes. The microstructure of synthesised nanocomposites was analysed by X-ray diffraction, electron diffraction spectroscopy, and scanning electron microscopy. Microstructural characterisations revealed good distribution of nanotubes in the silver matrix. The thermal expansion behaviour of the composites was studied in reference to the variation in nanotube volume content in the silver matrix. It was observed that the coefficient of thermal expansion decreased with the increase in the percentage of CNT volume. The thermal expansion of the CNT-reinforced silver composites decreased to 55 % of pure silver upon the introduction of 6 vol% of nanotubes into the silver matrix. The thermal expansion behaviour of the CNTreinforced silver composites was also analysed theoretically using the rule of mixture and Schapery's model. The CNT-reinforced silver composites may be a promising contact and thermal management material in electronic devices.
Introduction
Copper, aluminum, and silver metals play an important role as interconnect and thermal management materials in electronic devices. Most of the works on metal interconnect and thermal management materials are focused on aluminum and copper. Despite the higher cost, however, silver also finds applications as a packaging material in high-end microelectronic devices. Silver and silver-graphite composites are used in electronics as interconnectors in integrated circuits, plug coaters, electric brushes, and circuit breakers [1, 2] .
Silver has excellent thermal and electrical conductivity, but its high coefficient of thermal expansion (CTE) prevents it from being used as a packaging material in electronic devices [3, 4] . In contrast, apart from their excellent mechanical properties, carbon nanotubes (CNTs) are also known for having a long mean free path (order of several microns), extremely high current densities (>10 9 A/cm 2 at 25 °C), high aspect ratio, high thermal conductivity, and very low CTE [5, 6] .
The composite being used nowadays is synthesised when an excellent incorporating material known as a reinforcement is embedded in a matrix. The idea of using CNTs as a filler in metal matrix has drawn great attention. The development of CNT-based metal matrix composites (MMCs) is helpful in overcoming the inadequacy of metals and alloys in providing thermophysical properties [7, 8] . Although MMCs provide improved mechanical properties and thermal conductivity, low CTE makes them suitable for electronic applications. But, at the same time, the use of CNTs as a filler in metals has so far remained a challenge owing to their entangled structure. There have been very little investigations on CNT-reinforced silver nanocomposites. The key problems are how to homogeneously disperse CNTs in the matrix and how to improve the wettability between the silver and the CNTs. In a physical mixing method, ultrasonic cavitation helps in overcoming the above obstacles [9] .
In the present work, silver nanocomposites reinforced with functionalised multiwall CNTs were synthesised by a physical mixing method. Functionalised CNTs were used because functionalisation modifies the surface properties of CNTs and enhances their dispersion in solvents. The microstructure of the nanocomposites was examined to determine the dispersion of the CNTs in the silver matrix and the bonding at the CNT/Ag interface. The effect of CNT reinforcement on CTE was evaluated.
Experimental Procedure

Materials
Functionalised multiwall CNTs (purity >95 %) and silver nanopowder were purchased from Nanoshel (Wilmington, DE, USA). The specifications of the CNTs and silver nanopowder used in the synthesis are shown in Table 1 .
Synthesis of the CNTs/Ag Nanocomposite Powder
The CNTs (0, 1.5, 3 4.5, and 6 vol%)/Ag composites were synthesised by a physical mixing method. All the chemicals used in the synthesis were of analytical reagent grade and used without further purification. A weighted amount of as-received CNTs was soaked in ethanol and sonicated with the help of an ultrasonic probe sonicator (frequency 20 kHz, power 100 W) for 2 h. The high-intensity ultrasonic waves generated strong cavitations and acoustic streaming effects, which resulted in the dispersion of the CNT tangles. A weighted amount of nanosilver powder was then added to the dispersed CNT solution with simultaneous sonication and mechanical stirring for 2 h. The simultaneous mechanical stirring of the solution helped in preventing the re-agglomeration of the nanotubes and nanoparticles. After this, the mixture was dried at 50 °C on a hot plate to obtain the desired nanocomposite powder.
Consolidation of the CNTs/Ag Nanocomposite Powder
The nanopowder was compacted at a pressure of 7 tons into pallets of size 13 × 2 mm using a hydraulic press. Pallets of CNTs/Ag nanocomposites containing 0, 1.5, 3, 4.5, and 6 vol% of CNTs were prepared. 
Characterisation
X-ray diffraction patterns of the powdered sample were recorded on a Panalytical 3050/60 X'Pert-PRO diffractometer using CuK α radiation. The microstructure of the samples was studied using scanning a electron microscope (FEI Quanta FEG 450) operated at 15 kV. For the CTE measurements, the samples were compacted into pallets (Ø 13 × 3 mm) under a pressure of around 320 MPa for 2 min using a hydraulic press. The CTE of these pallets was measured using an electronic dilatometer (NETZSCH DIL 402 PC) at a heating rate of 5 K/min from 40 °C to 240 °C in a nitrogen atmosphere. This range was selected according to the working temperature range for electronic packaging materials. The dilatometer was equipped with a NETZSCH computer software for data acquisition and processing.
Results and Discussion
Microstructural Characterisation
The microstructure of the fabricated CNT/Ag nanocomposites was analyzed by X-ray diffraction, electron diffraction spectroscopy, and electron microscopy. XRD patterns for the samples with different volume percentages of multiwall CNTs are shown in Figure 1 . They indicate the crystalline nature of the samples, with peaks corresponding to the face-centred cubic (FCC) structure of the silver nanoparticles. The major diffraction peaks at 38.9°, 45.1°, 65.1°, and 78.2° correspond respectively to the (111), (200), (220), and (311) reflections of the FCC phase of silver. There was no specific well-defined peak for multiwall CNTs at their low volume content. The absence of the (002) graphite peak at 2θ = 26.6° was due to the uniform dispersion of the CNTs in the metal matrix and to the limited resolution of the XRD instrument at low CNT contents. However, a slight hump in the curve from the baseline between 2θ values of 15°-25° indicated the presence of CNTs in the samples with CNT (6 vol%)/Ag. In order to analyze the composition of the CNT/Ag nanocomposites, electron X-ray diffraction spectroscopy (EDS) was carried out. The qualitative presence of carbon and silver in the nanocomposite powder was indicated by the EDS characteristic profile in Figure 2 The morphology of the CNT/Ag nanocomposite powder fabricated by a physical mixing method is shown in Figure 3a -c. From this figure, the distribution of the reinforcement of CNTs in the Ag matrix can be observed. It shows homogenously dispersed, bonded, and anchored CNTs between silver nanopowders. Here, it can be seen that the CNTs are dispersed in each part of the composite bridging Ag nanoparticles, as depicted in Figure 3a and b. Agglomeration of the CNTs was avoided, to a large extent, by the fabrication process. However, few CNT agglomerates are visible at their high volume content in the Ag matrix, as shown in Figure 3c. 
Measurement of the Coefficient of Thermal Expansion
The results of the thermal expansion measurement of multiwall CNT/Ag nanocomposite particles were plotted as a thousandth linear change (TLC) against the volume percentage content of the CNTs (Fig. 4) . The results shown clearly indicate that the TLC of all multiwall CNT/Ag nanocomposite particles increased with increasing temperature. It is evident that the TLC slopes of all CNT/Ag samples are smaller than that of pure silver and illustrate reduced thermal expansion.
The CTE values were calculated at an interval of 60 °C by linear fitting (slope calculation) of the TLC vs. temperature curve between two selected temperatures. The CTE of the composite decreased to more than half of that of pure Ag, as can be seen from Figure 5 . The CTE of the multiwall CNTs was very low (≈0) owing to the inplane expansion, bond stretching, and bond-bending effects that cancel each other out, as well as to the large aspect ratio and large surface area of the multiwall CNTs. The uniform dispersion and strong adhesion of the multiwall CNTs with silver matrix resulted in the formation of a large interface phase. The thermal expansion of this large interface was restricted owing to the very low CTE of the multiwall CNTs. The uniform distribution and strong adhesion of the multiwall CNTs at the interface resulted in the reduction of the CTE of 6 vol% multiwall CNTs/Ag composites to about 55 % in comparison with that of pure Ag. Thus, the reduction of the CTE of the nanocomposites can be attributed to the very low intrinsic thermal expansion (CTE ≈ 0) and to the restriction of the CNTs in the metal matrix by bridging and pulling the grains.
The experimental results of the CTE of the composites were compared with the theoretical predictions. The results were calculated by the rule of mixture (ROM) and Schapery's model [10] .
With the ROM, the CTE of the composites can be calculated as /°C, respectively, were used for the calculation. The results obtained by the ROM and Schapery's model are shown in Figure 6 . It is clear that the ROM largely overestimated the CTE, as the model ignored the restriction influence of the metal matrix. In contrast, the experimental results were even less than those predicted by Schapery's model. The greater reduction of the CTE of the composites can be attributed to the very low intrinsic thermal expansion (CTE ≈ 0) of the CNT reinforcement. The CNTs held the matrix grains by bridging and pulling the matrix materials [11] . The high content of the interface between the CNTs and the metal matrix at higher volume content of CNTs helped to increase the restriction on the metal matrix, which resulted in the decline of the CTE. The trends of the obtained results are in full agreement with those of a published work on Cu or Al [13, 14] . They are in agreement with the accepted theory that the CTE determined the thermal expansion of the MMCs and was influenced by the restriction of the reinforcement through bonding with them.
It can be seen from Figure 6 that the experimental CTE values of pure nanosilver and CNT-reinforced composites are significantly smaller than the CTE values predicted by various models, which is understandable as these models neglect the effect of the silver-CNT interface on the CTE of these fabricated materials [12] .
